ABSTRACT: Here we report the formation of high-performance and high-capacity lithiumion battery anodes from high density germanium nanowire arrays grown directly from the current collector. The anodes retain capacities of ̴ 900 mAh/g after 1100 cycles with excellent rate performance characteristics, even at very high discharge rates of 20-100C. We show by an ex-situ HRTEM and HRSEM study that this performance can be attributed to the complete restructuring of the nanowires that occurs within the first 100 cycles to form a continuous porous network that is mechanically robust. This restructured anode, once formed, retains a remarkably stable capacity with a drop of only 0.01% per cycle thereafter. As this
TEXT: Si and Ge nanowire (NW) based materials have emerged as viable candidates for next generation rechargeable lithium-ion battery anodes with energy and power densities that are multiples of current graphitic based electrodes. [1] [2] [3] [4] [5] [6] [7] The key advance is the capability of NWs to overcome the well-known pulverization problem that is detrimental to the cycle life and hence viability of their bulk counterparts. 8, 9 NWs also provide good electrical conductivity along their length, have a high interfacial area in contact with the electrolyte, have an optimal short diffusion distance for Li-ion transport and can be grown directly from current collectors, eliminating the need for binders and conductive additives. Ge (max. theoretical capacity of 1384 mAh/g) has received less attention than Si (3579 mAh/g), although it has a higher rate of diffusivity of Li at room temperature (400 × ) and a greater electrical conductivity (10,000 × ) making it suitable for high power applications. 10, 11 Gold is the most common catalyst for Ge NWs synthesis 4, [12] [13] [14] , however as it is expensive and does not reversibly alloy with lithium 15 , alternative more cost effective catalyst materials that can contribute to the specific capacity of the electrode are desirable. 16, 17 Improving the cycle life of simple Ge NW arrangements as Li-ion anodes would be very interesting as their ease of processability and scalability, particularly if solution grown, can offer viable alternatives to graphitic materials. Reports to-date on binder-free Ge NW electrodes have only shown stability up to 50 cycles. 12, 13 A range of nanocomposite architectures have been employed that increase the stability of Ge based anodes over hundreds of cycles for example nanotube networks 18 , dispersions of nanomaterials in active/inactive buffer matrices 19, 20 , sheathing of nanostructures with carbon 21 and Ge NWgraphene composites [22] [23] [24] . A further interesting area of research is the incorporation of pores to improve the performance of Li-alloying nanostructures. [25] [26] [27] [28] [29] The advantages pertain to increased rate capability as charge transfer across the electrolyte/active material interface is facilitated by the large surface area. Furthermore, the void space provides room for the expansion of the material during charging, alleviating the build-up of stress in the electrode.
A recent in-situ TEM study by Liu et al. showed that Ge NWs form pores upon delithiation suggesting that a porous, nanostructured Ge architecture could be formed in-situ in the electrochemical cell through cycling. 30 However, this study is limited to a single NW and does not show the cumulative effect of cycling on a NW network over tens or hundreds of
cycles.
Here we demonstrate stable cycling, over 1100 cycles, of Ge NWs grown directly from a current collector. We show by ex-situ high-resolution transmission electron microscopy (HRTEM) and high-resolution scanning electron microscopy (HRSEM) studies that the NW array transforms into a robust, porous network structure within the first 100 cycles. Once this network is formed it is highly stable, maintaining a capacity of ̴ 900 mAh/g over the following 1000 cycles. The electrolyte additive, vinylene carbonate (VC), was found to play an important role, facilitating the formation of this stable network morphology. The electrode material described here has several advantages as it is formed in a low energy, wet-chemical process with Ge NWs nucleating and growing from an evaporated Sn layer on stainless steel.
Sn also has a high maximum theoretical capacity (994 mAh/g), and we show both physically (HRTEM) and electrochemically (differential capacity plots) that the Sn seeds at the ends of the NWs reversibly alloy with lithium and contribute to the electrodes overall specific capacity. The NW electrode architecture performed exceptionally well in rate capability tests achieving a discharge capacity of 435 mAh/g after 80 cycles at a discharge rate of 100C.
Considering the low cost and low energy required, especially when compared with CVD systems, we believe our synthetic protocol to be an attractive and scalable synthesis approach for high-performance group IV nanowire based electrodes.
A schematic of the modified reaction set up for the NW growth protocol in the solvent vapor growth (SVG) system 31, 32 is outlined in Figure 1a . A stainless steel substrate with an evaporated layer of Sn on its surface is placed in the vapor zone of a high boiling point solvent and diphenylgermane is injected into the flask at 430 o C. The Sn nanoparticle seeds form in-situ at this temperature and act as sinks for the Ge that decomposes from the precursor, facilitating high density NW growth by the vapor liquid solid (VLS) mechanism.
A typical SEM image of the as synthesized Ge NWs growing from the underlying current collector is shown in Figure 2a the NW morphology is still distinguishable though there is some fusion between adjacent NWs and seeds (Supporting Information, Figure S4 ). This is most likely due to a phenomenon known as lithium assisted, electrochemical welding and has previously been reported for Si and Sn systems. 33, 34 After 10 cycles ( Figure 4b ) the overall wire-like form of the active material is retained; however there has been a significant texturing of the surface of the NWs through the formation of ridges and grooves. The deformation of the NWs after 20 cycles ( Figure 4c ) is much more severe, to the extent that the original NW form is all but lost.
While the outline of some individual NWs can just be made out, on the whole the composition of the active material has fundamentally changed as the original, individual
NWs have agglomerated and fused to form a network structure. Locally, the agglomeration of NWs with their neighbors leads to the emergence of interconnected island-like areas that form a network over the entire electrode (Supporting Information, Figure S5 ). After 100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 combine and interweave with nearby neighbors to form the interconnected porous network of active material.
The direct effect of the electrolyte additive, vinylene carbonate, on the formation of this network and hence the electrochemical performance of the Sn seeded Ge NWs was investigated by comparing the capacity data of two electrodes cycled at a 1C rate in a VC containing (3wt. %) and a VC-free 1M LiPF 6 in EC/DMC electrolyte. The resulting capacities and C.E. values are plotted in Figure 6a . VC is a stable SEI former and is known to produce a more durable and cohesive SEI layer, preventing cracking and the constant reexposing of the active material to the electrolyte with each cycle. [37] [38] [39] [40] [41] The results show that the VC containing electrolyte outperforms the VC-free electrolyte significantly (Figure 6a ).
80.2% of the initial discharge capacity is retained after 200 cycles using the VC additive compared to only 57.8% for the standard electrolyte. There is a considerable improvement in the C.E. also with the VC containing electrolyte exhibiting a C.E. of 99.5% after 200 cycles compared to 96.3% for its VC-free equivalent. The poor performance of the VC-free electrode is due to the fact that the formation of the stable network of Ge ligaments does not occur without the presence of the additive. The VC-free NWs, like those cycled with VC, lose their wire like morphology completely and agglomerate together to form islands on the substrate, however these islands have a different structure to those formed with VC. The HRTEM images in Figure 6b and 6c show they no longer comprise of a network of interwoven Ge ligaments, but instead consist of a non-porous mass of amorphous Ge and Sn.
In this form the islands readily lose contact with the current collector as evidenced by the low density of active material on the substrate in Figure 6d . The HRSEM image in Figure 6e illustrates this further as it shows the active material delaminating from the substrate at the edges of an island. Clearly, VC plays an important role in the high-performance of the electrode as it facilitates the formation of the more stable network of interconnected Ge The rate capability of the Sn seeded Ge NWs was evaluated by charging and discharging the material for 5 cycles at rates of C/10, C/5, C/2, C, 2C and then back to C/10 ( Figure 7a ). The electrode exhibited discharge capacities at each rate of 1250, 1174, 1050, 821, 722 and 1188 mAh/g respectively. The high rate performance of the NWs was tested by charging and discharging at rates ranging from C/2 up to 60C (Figure 7b ). The electrode performed very well up to rates of 10C maintaining a capacity of 538 mAh/g. Above rates of 10C however, the material performed poorly, exhibiting capacities of 202 mAh/g, 96 mAh/g and 58 mAh/g at rates of 20C, 40C and 60C respectively. The performance at higher rates is limited by the maximum achievable capacity during charging as previous studies have shown that germanium based electrodes can maintain high and stable capacities at very high discharge rates if the material is charged at a fixed, slower rate. 4, 10 In order to improve the discharge rate capability of the Sn seeded Ge NW electrode, the material was charged at a fixed rate of C/2 while discharging at very high current rates of up to 100C (Figure 7c ). The NWs show minimal capacity fade up to discharge rates of 20C. At 20C a capacity of 1053 mAh/g was maintained which is 95% of the initial discharge capacity at the slower C/2 rate. At discharge rates of 60C and 100C, the electrode exhibited discharge capacities of 930 mAh/g and 354 mAh/g respectively. Notably, the electrode recovered 100% of its capacity when the current reverted to the initial C/2 rate. Figure 7d shows the capacity data where two different NW electrodes were charged at a 2C rate and discharged at either 20C or 100C. After 80 cycles the 20C rate electrode displayed a discharge capacity of 610 mAh/g, corresponding to a 92.6% capacity retention from the 1 st cycle. Even at the very high rate of 100C, the NW electrode (435 mAh/g) outperforms the maximum achievable capacity at C rates for graphite based electrodes (372 mAh/g). To the best of our knowledge, there is no literature report of conventional graphite materials that can sustain a workable capacity at 20 C, demonstrating the high performance capability of these porous Ge network architectures.
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